Experimental studies of gas-phase chemical reactions and molecular energy transfer at very low temperatures and between electrically neutral species are reviewed. Although work of collisionally induced vibrational and rotational transfer is described, emphasis is placed on very recent results on the rates of free radical reactions obtained by applying the pulsed laser photolysis (PLP)-laser-induced fluorescence (LIF) technique in a CRESU (Cin6tique de R6actions en Ecoulement Supersonique Uniforme) apparatus at temperatures as low as 13 K. These measurements demonstrate that quite a wide variety of reactions--including those between two radicals, those between radicals and unsaturated molecules, and even some of those between radicals and saturated molecules--remain rapid at very low temperatures. Theoretical efforts to explain some of these results are described, as is their impact on attempts to model the synthesis of molecules in interstellar clouds.
Introduction
In the early 1970s, a number of laboratories began, as a matter of routine, to extend their kinetic studies of elementary reactions to subambient temperatures. This development was mainly inspired (and funded) by the need for rate constants as input into chemical and photochemical models of the stratosphere, where at most latitudes, temperatures reach a mini-mum of ~215 K at the bottom of the stratosphere. This requirement coincided with the coming of age of techniques capable of finding accurate rate constants for a wide range of elementary processes, with the result that since 1970 there has been a dramatic increase in the size and reliability of the kinetic data base for elementary reactions and energy-transfer processes in the temperature range between ~ 200 and 500 K (1) .
In the experiments yielding these results, low temperatures were achieved by cryogenic cooling of the pulsed photolysis or discharge-flow systems, which are usually employed in direct kinetic experiments. For the study of gas-phase processes, cryogenic cooling has an obvious limitation: Eventually one is defeated by the condensation of vital components of the gas mixture. The absence of an obvious way to circumvent this problem, together with the apparent lack of any strong requirement for data at lower temperatures--at least from the perspective of the earth's atmospheric chemistry--meant that very few experiments on molecular processes in the gas-phase were performed below 200 K until the last decade. Indeed, until the mid-1980s, the only rate data available for a reaction between neutral species at temperatures below 200 K were those for the recombination of H atoms measured by Kaufman and coworkers (2a,b) in cooled flow tube at temperatures down to 77 K.
Within the past few years the situation has changed dramatically, and there is every indication that this expansion in the kinetic data base for very low temperatures will continue. As so often occurs in science, this development is driven by a mixture of motives. Perhaps the most influential has been the desire to push the experimental measurements and methods into previously uncharted territory. But this reason would not be sufficient on its own to sustain such a development. The other reasons are also not unusual. First, there is the realization that the results of such experiments are likely to lead to a new and deeper understanding of how molecules interact and react. Second, there are reasons not unlike those that first persuaded gas kineticists to measure reaction rates below room temperature-the wish to help with the modeling of complex gas-phase (or mainly gas-phase) environments. One boost to this development has been the recognition that in certain places and at certain times, the temperature in the stratosphere falls as low as ~ 180 K (3) and that estimating lowtemperature rate data by extrapolation of results obtained at higher temperatures is hazardous. In addition, there has been increasing interest in the atmospheric chemistry of other planets (4) . Finally, there is a challenge that could (literally) not be bigger, since it concerns the chemistry that leads to the synthesis of molecules, and some quite complex molecules (5, 6) , in the vast astronomical objects known as interstellar clouds.
Our present understanding of interstellar chemistry is reviewed else-where in this volume by Eric Herbst (6) . Most of the 100 or so molecules that have been detected in interstellar space by millimeter wave, submillimeter wave, and infrared techniques over the past two decades, and that now apparently include glycine (7) , have been observed in what are termed dense interstellar clouds. These unimaginably huge objects have molecular densities ranging from 103 to 106 cm -3 and temperatures between 10 and 50 K (6). 1 The low density precludes three-body association reactions, and it has been assumed that the very low temperatures reduce the importance of reactions between neutral species. Consequently, until quite recently, either reactions between electrically neutral species were neglected in setting up models of interstellar cloud chemistry or their rate constants were estimated by relatively crude theories or by uncertain extrapolations of rate data obtained at much higher temperatures than in the clouds themselves. Ion-molecule reactions have, therefore, been assumed to dominate interstellar cloud chemistry (9a,b), and they may indeed prove to do so, but the recent work that is reviewed in this article suggests that more neutral-neutral reactions remain rapid at very low temperatures than had previously been anticipated. The expectation that reactions between neutral species would be far too slow to contribute to the chemistry of interstellar clouds stems, at least in part, from the central role that the Arrhenius equation occupies in the teaching of chemical kinetics. If the temperature dependence of the rate constant (k) for any given reaction is indeed properly represented by the Arrhenius expression k(T) = exp (-E~ct/RT) and if E~c t, the acti vation energy, has a significant value, then the rate constant will be exceedingly small at the temperatures of dense interstellar clouds. This point is illustrated in Figure 1 , which displays measured rate constants for the reaction of CN radicals with H2 (10) on three conventional Arrhenius plots that differ in their temperature ranges. The figure shows how experiments even at moderately low temperatures can increase the range of Arrhenius space. On the other hand, the example chosen demonstrates how rate constants are likely to become very small at very low temperatures if there is even a moderate activation energy for the reaction and even if quantum mechanical tunnelling starts to play a role.
Of course, it has been known for a long time that the rate constants for most ion-molecule reactions do not obey the Arrhenius equation. Generally, such reactions do not have to surmount a potential barrier; rather the long-range attractive forces between the charge on the ion O (;.oes t*elOW ~wo) www.annualreviews.org/aronline Annual Reviews and the permanent or induced dipole on the molecule assume dominant importance and cause the rate constants for most such reactions to increase or, at least, to stay constant as the temperature is lowered (ll). More recently, it has been appreciated (12) that some types of bimolecular reactions between neutral species--especially those between two free radicals, but also those between free radicals and unsaturated molecules--may also have rate constants that increase as the temperature is lowered, with the result that they could be important at the very low temperatures prevalent in interstellar clouds.
With the recognition that, for many reactions, the rate is governed by the long-range intermolecular attraction, there has been an upsurge of interest in capture theories. Clary, who has been responsible for much of this work, has reviewed such theories in an earlier volume of the Annual Review of Physical Chemistry (13) . An important motivation for measuring rate data at very low temperatures is to test such theories, not only for the pure reason of satisfying ourselves that we fully understand the controlling factors in such molecular systems, but also because this sort of test, inevitably based on the limited number of reactions that can be investigated experimentally, will help refine the theories to the point where they should be able to make reliable predictions of the numerous rate constants that cannot be measured but that will be needed in chemical models of dense interstellar clouds.
One important reason for investigating inelastic and reactive collisions at low temperature, or low collision energy, is that the results of such collisions should be particularly sensitive to the weak long-range forces between the collision partners. For ion-molecule systems, these forces are relatively easy to predict at the intermolecular separations that are important in determining whether or not a close encounter ensues. For uncharged species, the situation is rather more complicated. There is now abundant evidence that for reactions whose rates are controlled by capture, the crucial part of the intermolecular potential is at separations where both electrostatic (e.g. dispersion, dipole-induced dipole, dipole-dipole) forces and chemical forces, arising from a significant sharing or exchange of electrons from both species, are comparable. In this region, the form and angular dependence of the intermolecular potential are particularly difficult to predict by quantum chemical methods. In a different vein, it is also clear that at very low temperatures probabilities of energy transfer in collisions between species with closed electronic shells are affected by the intermolecular attraction when the associated well-depth becomes comparable to the collision energy. Finally, recent measurements (14) the reaction of the CN radical with C2H6 indicate that van der Waals attraction may also play a role at very low temperatures in facilitating reactions, even those between free radicals and saturated molecules.
www.annualreviews.org/aronline Annual Reviews A comprehensive review of what is known about ion-molecule reactions at very low temperatures has been published recently (11) . In the present article, we emphasize the study and understanding of molecular processes involving neutral species, including both chemical reactions and energy transfer. Ion-molecule systems are considered only where reference to them helps to illuminate either the methods employed to study neutralneutral systems or the understanding of the results that are obtained. In the next section, we review experimental methods, placing some emphasis on the limitations of the various techniques. The subsequent two sections consider low temperature studies of (a) chemical reactions and (b) vibrational and rotational energy transfer, respectively. Finally, we summarize what has been achieved to date and attempt to predict what advances might be expected over the next few years.
Experimental Methods
Undoubtedly, the main reason that little is known about the rates of molecular processes between neutral species at very low temperatures is the difficulty of devising and applying suitable experimental techniques. In contrast, abundant kinetic data are available for gas-phase ion-molecule reactions at very low temperatures or collision energies (11, 15) . Experiments on ion-molecule reactions fall into three categories, distinguished by the technique used to cool the system: (a) cryogenic cooling (16a,b; 17a,b), (b) free jet expansions or molecular beams (15, 18) , and (c) sions through convergent-divergent Laval nozzles (19a,b) . Below we briefly review the application of these methods to ion-molecule reactions and their use, actual or potential, in the study of collisions between neutral species at very low temperatures. Cryogenic cooling (i.e. the use of low-temperature fluids to cool the reagents, normally via collisions with buffer gas that is in turn cooled by contact with the cold walls of the reaction cell) is the simplest and most obvious method that can be employed to reach low temperatures. Kaufman and coworkers (2a,b) used this method in the flow-tube measurements on H-atom recombination that were referred to above; liquid N2 was used as cryogen to reach 77 K, the lowest temperature of the experiments. Bohringer & Arnold (16a,b) extended the use of cryogenic cooling in flowtube experiments to still lower temperatures (~ 15 K) by using liquid to cool a selected ion-drift chamber, in order to measure rate constants on, for example, the reaction between He + ions and H2. Of course, all such measurements are restricted by the requirement that under the conditions in flow-tube experiments, the buffer gas and the neutral (or nonradical) reactant are cooled by collisions with the walls. Consequently, they must be present at partial pressures that are well below their vapor www.annualreviews.org/aronline Annual Reviews pressures at the wall temperature, if condensation and adsorption on the wall is not to invalidate the kinetic measurement.
A variant of the cryogenically cooled flow-tube experiment that has now been applied quite extensively to kinetic measurements of neutral-neutral reactions, but only at temperatures down to those achieved using liquid N2, is that in which reaction is initiated by pulsed photolytic generation of radicals in a cryogenically cooled cell. This method has been the source of many of the rate constants used in the modeling of stratospheric chemistry (1) . However, at temperatures below ~ 200 K, the method becomes increasingly limited as a direct consequence of the condensation of the reagents or their precursors on the vessel walls. Thus experiments at ~ 80 K have only been conducted on reactions of radicals with gases such as O2 (20; 21a,b) , NO (21c) , and CO (22a,b), which have significant pressures at such temperatures.
Some degree of supersaturation may be achieved in these experiments in the case of the photolytic precursor of the free radicals (e.g. NCNO for CN, and HNO3 or H202 for OH), since their concentration need not be accurately known. In the experiments of Smith and coworkers (20; 21c; 22a,b; 23), pulsed laser photolysis (PLP) has been used to generate the free radicals, and the laser-induced fluorescence (LIF) technique has been employed to observe their decays. Mixtures of the radical precursor, reagent gas, and inert diluent flow through a cylindrical reaction cell at a speed that is sufficiently slow for the gases to cool close to the temperature of the cell wall but is sufficiently rapid to prevent all the precursor freezing out. The laser beams generating and detecting the free radicals propagate along the axis of the cell, and LIF signals are observed perpendicular to the direction of the gas flow and the laser beams.
In principle, there is no reason why cryogenic cooling cannot be applied to temperatures below 77 K. However, the number of species that retain adequate vapor pressures and that might participate in rapid neutralneutral reactions continues to diminish. Studies of ion-molecule reactions and of energy transfer processes are less restricted. In the latter case, He, H2, and their isotopes and isotopomers can be used as collision partners, and they are, of course, the principal energy transfer agents in the interstellar medium. A number of experiments on vibration-vibration (V-V) energy exchange (24-27a,b) and on rotational energy transfer in NO (28a-c) have reached temperatures that are accessible using liquid N2. Simpson and coworkers have succeeded in measuring rate constants for the relaxation of CO(v = 1) by H:, Dz, and 4He at temperatures as low as 35 (29) .
Willey et al (30a-c) have pioneered an interesting technique using cryogenic cooling in studies of collisional line-broadening. Their collisional www.annualreviews.org/aronline Annual Reviews cooling technique employs liquid He (which can be pumped on) to cool He buffer gas in the sample cell down to temperatures as low as 1.7 K and relies on the fact that a gas such as CO, injected into the ultra-cold He, is cooled rapidly and remains supercooled in the gas phase until it strikes and condenses on the cell wall. It is unnecessary to know the concentration of the spectroscopically active species in order to derive the line-broadening parameters, only the pressure of the He. This general method could find other applications (e.g. in direct measurements on energy transfer rates) but is clearly limited by the fact that the collisionally active gas must not condense at the temperature that is used.
In the case of ion-molecule reactions, the range of temperatures accessible via cryogenic cooling has been extended by the use of cooled ion traps, which avoid some of the problems associated with cooled flow tubes. The main reason for the improvement is that the reaction time can be very long, and hence the partial pressure of any neutral reactant can be very low. For example, the Penning trap of Barlow et al (17a) can be operated at total pressures close to 10 -9 Torr, and Schauer et al (17b) have reported trapping times as long as 1 h. Measurements have been made at temperatures as low as 10 K, but to our knowledge only H2 has been used as the neutral reagent in such experiments. Of course, the electrical charge is crucial in experiments employing ion traps: The technology cannot be transferred to reactions between neutral species.
The second set of experiments used to investigate ion-molecule reactions comprises those based on the use of molecular beams or free jet expansions. Conditions of low collision energy can be achieved by merging an ion beam with a molecular beam (15) . Such experiments do not actually provide low-temperature rate constants but rather cross sections for reaction at low collision energies between reagents whose internal state distributions may be non-Boltzmann, may correspond to different temperatures from one another, and may differ from the temperature approximately defined by the relative translational motions of the charged and neutral reagents. Again, the charged nature of the ions is crucial, both because ions can be sensitively and flexibly manipulated using electrical and magnetic fields and because ionic reagents and products can be detected with high sensitivity. No similar experiments on neutral-neutral reactions have been reported, nor does this seem likely.
Some kinetic data for ion-molecule reactions have been acquired (18) in experiments using free jet expansions. As in merged-beam experiments, condensation is very slow because it can only occur via infrequent gasphase collisions. Extremely low temperatures (< 1 K) can be achieved (11, 18) , but the temperature and density of the gas changes as the flow evolves. By the time the flow becomes reasonably uniform, collisions, or at least www.annualreviews.org/aronline Annual Reviews collisions in which the repulsive intermolecular forces act, are extremely infrequent. Intrinsically rapid ion-molecule reactions may occur, because the long-range electrostatic forces can attract together reagents traveling with virtually no relative translational velocity. However, a number of factors appear to preclude application of this technique to neutral-neutral reactions: In particular, the cross sections for such reactions are smaller than those for charge-exchange and other ion-molecule reactions, the detection techniques are much less sensitive, and any radicals produced photochemically may not undergo sufficient collisions in the expansion to reach thermal equilibrium with the main flow of gas.
A very productive approach to the study of ion-molecule reactions at ultra-low temperatures has been the use of the so-called CRESU (Cin6-tique de R6action en Ecoulement Supersonique Uniforme, or Reaction Kinetics in Uniform Supersonic Flow) apparatus devised by Rowe and coworkers (19a,b) . It takes advantage of the flow properties of gaseous expansions from convergent-divergent Laval nozzles into low-pressure environments. Ion chemistry can be initiated by crossing the gas flow with an electron beam just beyond the exit of the nozzle and the rates and products of subsequent ion-molecule reactions are observed by skimming out a central portion of the flow at a variable distance downstream and directing it into a quadrupole mass analyzer. A mass-selected ion source has been incorporated into the CRESU apparatus (19a,b) , and by precooling the gas reservoir in liquid N2, rate measurements have been made at temperatures as low as 8 K (19a,b; 31). The results of experiments the CRESU apparatus are in excellent agreement with those obtained using other experimental techniques (11) and have made a substantial contribution to the understanding of the role of ion-molecule reactions in interstellar chemistry (19a,b; 31; 32a,b) .
The strength of the CRESU technique lies in the nature of the isentropic expansion of gas through a Laval nozzle, which produces a flow of gas that is uniform in temperature, density, and velocity and that endures for several tens of centimeters and some hundreds of microseconds downstream of the nozzle exit. Each temperature (and pressure) requires separate Laval nozzle to be constructed, with its internal profile calculated and precisely machined. Frequent collisions occur during the controlled expansion within the nozzle and in the subsequent uniform region downstream where the gas density (10'6-1017 molecule cm -3) is relatively high. Consequently, thermal equilibrium is maintained at all times, in contrast to the situation in free jet and molecular beam environments, where it is impossible to define a unique temperature at any point in the flow. The expansion is slow enough to maintain thermal equilibrium but rapid enough that condensation is avoided (strongly supersaturated conditions www.annualreviews.org/aronline Annual Reviews prevail in the subsequent flow). A uniform, collimated flow results at the exit of the nozzle.
The CRESU technique provides an excellent environment in which to perform experiments on collisional processes at extremely low temperatures, not only between ionic and neutral species, but also between exclusively neutral species. This realization, and the subsequent adaptation of the CRESU technique for the study of neutral-neutral reactions by the incorporation of the well-established PLP-LIF technique, has pushed the low temperature record for kinetic measurements on neutral-neutral reactions down to 13 K (33a,b).
A schematic diagram of the modified CRESU apparatus is shown in Figure 2 . Photolysis and probe laser beams copropagate through the throat of the Laval nozzle and out along the axis of the supersonic flow, permitting the study of chemical reactions with significant time delays between the two laser pulses. Not only have the conditions been verified by standard aerodynamic techniques, but in the initial set of experiments on CN radical kinetics, a further check of the flow conditions was possible, by the fitting of rotationally resolved CN(B2X+-X2X +) LIF spectra to yield the temperature at any given region along the flow axis. Excellent agreement was obtained as regards both measured temperatures, and also www.annualreviews.org/aronline Annual Reviews the rate constants in regions of overlapping temperature range (20; 33a,b) . This method has so far been applied exclusively to studies of reaction kinetics, but the technique is equally well suited to investigate collisional energy transfer. One limitation of the CRESU technique is that the reaction under investigation must remove the radical species that is being observed with a pseudo-first-order rate constant that exceeds ~ 103 s-1. This requirement arises because the gas downstream from the exit of the Laval nozzle moves at ~ 600 m s-~ and good flow conditions only survive for ~ 30 cm. Coupled with the fact that the concentration of the second reagent cannot exceed a few percent of the total gas density without destroying the integrity of the flow, this means that it is difficult to measure second-order rate constants that are less than ~ 5 × 10 -~3 cm 3 molecule -1 s -1.
Elementary Chemical Reactions at Very Low Temperatures
The Arrhenius equation, proposed in 1889 (34a,b) by analogy with the Van't Hoff equation from classical thermodynamics, has long been used as the starting point for a description of how the rate constants for reaction between electrically neutral species depend on temperature. Indeed, such has been the success of this simple description that many nonspecialists may be prone to assume that all neutral-neutral reactions are effectively "frozen out" at very low temperatures, as appears to be the case with, for example, the reaction CN + H2 --, HCN + H (see Figure 1) . However, even a cursory examination of the theoretical basis of the Arrhenius equation reveals that the prediction of a strong positive dependence of the rate constant upon temperature is entirely dependent on the existence of a potential energy barrier along the minimum energy path to reaction.
Many gas-phase chemical reactions do, in fact, display broadly Arrheniustype behavior. However, it has been recognized (35, 36) for some time that, for reactions between two radical species (where a radical is defined as a species containing one or more unpaired electrons), the lowest potential energy surface correlating reactants to products may possess no maximum, or barrier, at least as the reactants approach. There is therefore no reason to anticipate Arrhenius-type behavior because the electronic potential energy on the lowest electronic surface usually falls monotonically as the distance between the radicals is reduced. These reactions thus bear more resemblance to ion-molecule reactions, where long-range attractive forces between the reacting species lead to capture. The probability of capture may fall as the energy associated with collisions increases, and this, combined with changes in reagent rotational energy that can alter the probability of a combining species remaining in a favorable orientation, may lead to the thermal rate constant decreasing as the temperature is raised.
As a result of the realization that the rate constants for radical-radical reactions may exhibit a negative temperature dependence, attention has been focused on this class of reaction, and the related class of atomradical reactions, as candidates for low and very low temperature kinetic investigations. However, more recent work, especially at very low temperatures in the CRESU apparatus, has revealed that the rates of many radical-unsaturated molecule reactions and even those of some radicalsaturated molecule reactions increase as the temperature is lowered, somewhat opposite to expectation.
Radical-radical and atom-radical reactions fall into two broad categories: radical associations, where the two species combine in the presence of a third body, and radical metatheses, where two different species result. We first consider radical metatheses and their rates at low temperatures, postponing discussion of association reactions until later. Clary (13, 37a) and Clary & Henshaw (37b) have proposed that the rate of this type reaction may be dominated by capture under the influence of long-range electrostatic (multipole-multipole) forces, at least at very low temperatures where capture is thought to occur at intermolecular separations where the potential can be adequately described by the electrostatic contribution, ignoring chemical forces.
The reaction between CN radicals and O2 may be considered as a prototypical radical-radical reaction (38) . It was the first radical metathesis to have its rate constant measured at temperatures below 100 K, by Sims & Smith using cryogenic cooling (20) , and more recently at temperatures down to 13 K in the CRESU apparatus (33a,b). Throughout the temperature range 13-761 K, the reaction rate constant may be fit to the expression k(T) = (2.49 + 0.17) x 10-1 ~ (T/298)~-o.63 +0.04) 3 mo lecule-s -1. Both sets of data, along with the fit to the data, are shown in Figure  3a .
In view of the above discussion, it should come as no surprise that the rate of this radical-radical reaction increases as the temperature is decreased, even down to 13 K. However, these results generated considerable interest, both among modelers of the chemistry of dense interstellar clouds (9a, 39), who had hitherto largely discounted the significance of neutral-neutral chemistry, and among theoreticians (40, 41) .
The detailed calculations by Stoecklin et al (40) on the CN + 02 reaction were based on the application of adiabatic capture theory, with the rotations of both species treated by the centrifugal sudden approximation. Using an intermolecular potential that included only the dipole-quadrupole and dispersion interactions, they computed rate constants that rose steeply from 0 to 5 K and then more gradually up to 500 K, in contrast to the monotonic decrease from 13 K to almost 1000 K that is found www.annualreviews.org/aronline Annual Reviews Ca) 10 , displayed on log-log plots, for the following reactions: (a) CN+O~, the dotted line is a fit to the combined data set, described in the text (33); (b) CN + C~H~, the dashed line is a fit to the high-temperature only, demonstrating the saturation effect at low temperatures (14, 45) ; (c) CN+C2H6, dashed line is a fit to the high-temperature data only (14, 45) ; and (d) OH+HBr, the dotted line is a fit to the data, described in the text, while the dashed line is the result of quantum scattering calculations, and the solid line is the latest recommendation for these rate constants (47).
experimentally. More recently, .Klippenstein & Kim (41) studied the kinetics of this reaction, combining ab initio calculations on the potential at long and medium range with variational transition-state theory calculations of the rate constants. The results reproduce the experimental temperature dependence (down to 50 K) and confirm the importance chemical forces in the part of the intermolecular potential that determines the magnitude of the capture cross sections and rate constants.
Klippenstein & Kim did not extend their calculations below 50 K, where the potential in the transition-state region seems likely to be increasingly www.annualreviews.org/aronline Annual Reviews dominated by simple electrostatic forces. However, it now seems that only at very low temperatures indeed is the crucial part of the intermolecular potential adequately described by summing the multipole-multipole and dispersion interactions averaged over reagent orientations. One worrisome feature of a comparison between the results of experiment (33a,b) and theory (40, 41) is that the observed rate constants exceed those predicted by Stoecklin et al (40) , below ~ 50 K, whereas one might expect the use of a simple electrostatic intermolecular potential in capture calculations to provide an upper bound to the rate constant. The strong negative temperature dependence of the rate of the radicalradical reaction CN + O2 came as no surprise; indeed, the construction of the CRESU apparatus to study neutral-neutral reactions in Rennes had been based on the likelihood that this reaction would remain fast to very low temperatures. However, on extending kinetic measurements to reactions between radicals and unsaturated molecules, a remarkable number of reactions, such as CN+C2H4 and CN+C2H2 (14) , were found proceed even faster at very low temperatures than the reaction CN ÷ 02. Again, measurements were performed both in conventional cryogenic cells (this time only down to 160 K, owing to the lower vapor pressure of these gases) and then in the CRESU apparatus (down to 25 K) (14) . The rapidity of these reactions as compared with CN + 02 may, in part at least, be a reflection of the number of surfaces that correlate with the separated reagents. Both a doublet and a quartet correlate with CN(2E ÷) + O2(3E~-). Reaction presumably proceeds on only the lowest doublet surface, on which, in the absence of nonadiabatic effects in the entrance channel, only one in three collisions occur. By contrast, all collisions between CN and either C2H4 or C2H2 occur on the single doublet surface that correlates with both the reagents and the products [CeH3CN+H or C2H3 + HCN for CN+ C2H4 (42), and C2HCN + H for CN + C2H2 (42)]. Data for CN+C2H2 reaction are shown in Figure 3b . In both reactions, the observed rate constants (14) appear to reach a limiting value--a kind saturation--at low temperatures that is close to the value expected on the basis of capture by the long-range attractive forces. In these cases, as with CN+ C2H6 (see below), it may well be that reaction proceeds by formation of a weakly bound van der Waals complex that allows the reagents time to find the appropriate orientation for reaction to take place.
Further examples of radical-unsaturated molecule metathesis reactions whose rates have been found to remain fast at very low temperatures include a number of reactions of the CH radical (e.g. CH+C2H2, CH + C2H4) studied more recently in the CRESU apparatus (A Canosa, IR Sims, BR Rowe & IWM Smith, in preparation).
It would seem that for reactions of radicals with unsaturated molecules that are fast at room www.annualreviews.org/aronline Annual Reviews temperature, the possibility of their rates remaining rapid down to the very low temperatures of interest to modelers of interstellar cloud or planetary atmospheric chemistry should be seriously considered.
In many ways the most surprising results that have been obtained in experiments in the CRESU apparatus on neutral-neutral reactions have been those in which reaction between a free radical and a saturated molecule apparently proceeds by H-atom transfer, i.e. those between CN and NH3, CN and C2H6, and OH and HBr. NH3 has no unpaired electrons, and its reaction with CN presumably yields HCN and NH2 (A/-/~o = -69 kJ mol-l). We have measured the rate constant for this reaction in the CRESU apparatus down to 25 K and found an even steeper negative temperature dependence than that for CN+ 02, the rate constant being well fit by the expression k(T) = (2.77 _+ 0.67) × 10-ll (T/298)~-1.14+0.15) molecule -~ s -~ (33a,b). An explanation for the strongly negative temperature dependence of k(T) has been provided by the quantum chemical calculations of Meads et al (44) . They indicate that the initial, and ratedetermining, step involves capture to form an energized H3NCN adduct. Reaction then proceeds to products by a number of H-atom transfers via transition states whose energies are lower than that associated with the separated CN + NH 3 reagents. In this case, the rate of reaction will be determined by the initial capture of CN and NH 3 on a potential that will include a term for the interaction between two unusually strong dipoles. This proposal provides a satisfactory, if qualitative, explanation of the rapid rate and negative temperature dependence of this reaction between a free radical and a saturated molecule.
Perhaps the most remarkable result obtained so far in low-temperature studies of neutral-neutral reactions has been that for the reaction of CN with C2H 6. The rate constants, obtained in a combination of heated cell (45) , cryogenic cell (14) , and CRESU (14) measurements, are shown Figure 3c . As the temperature is lowered from 773 K, the rate constants fall, reaching a minimum between room temperature and ~ 100 K, below which they start to increase rapidly, reaching their highest value at the lowest temperature at which the rate was measured, 25 K. The increase at both high and low temperatures, with a minimum at some intermediate temperature, is reminiscent of that found for certain ion-molecule reactions, notably CH4+O~-(11; 46a,b), although the temperature at which the rate constant is smallest is higher in that case. The reasons for this behavior may also be quite similar and can be expressed in two slightly different ways.
Using the language of transition-state theory, these reactions may each have two transition states: a loose one where the reagents are still well separated and a tight one beyond which products form. The zero-point www.annualreviews.org/aronline Annual Reviews energy in the tighter transition state is lower than that in the looser one, but the energy levels are more widely spaced. Consequently, passage through the tight transition state is rate determining at high energies and therefore at high temperatures, whereas passage through the loose transition state determines the rate as the collision energy or temperature is lowered. The alternative picture, which amounts to much the same thing, is that at high energies, the collisions between reagents are direct; there is only one chance for reaction to occur. As the temperature is lowered there is an increasing proportion of sticky collisions; complexes are formed that can explore more of the potential energy surface and find the path to products. The temperature at which the transition between these two kinds of dynamics occurs may correlate roughly with the welldepth resulting from the long-range forces. Therefore, this transition temperature is higher for CH 4 + O~-than for CN + C2H 6. Another H-atom abstraction reaction studied down to very low temperatures in the CRESU apparatus is that between OH and HBr (47): OH+HBr-~ H20+Br (A/~0 = -131.5 kJ mol-~). This reaction was chosen as a suitable candidate for investigation at very low temperatures because adiabatic capture calculations of its rate had already been performed (48) . The relatively strong dipole-dipole interaction made it favorable case for such calculations. This reaction also interests atmospheric chemists because its rate constant determines the importance of HBr as a sink for Br atoms, which destroy ozone in the stratosphere (49) .
Again, a strong negative temperature dependence of the rate constant for this reaction was observed, the data being well fit by the expression k = (1.26 __+ 0.24) x 10-"(T/298 K) (-°'86-+°'~°) cm 3 molecule-t s-~ (47). This behavior was not well described by adiabatic capture calculations, which assumed only a dipole-dipole interaction potential. They predicted an upper bound to the rate that is a factor of three above the experimental rate constant even at the lowest temperature at which results were obtained (47, 48) . At least at the temperatures accessible even by the CRESU technique, chemical forces play an important role in determining the reaction rate constant.
As the temperature of a molecular system is lowered, the distribution of molecules over rotational energy levels changes and the average rotational energy decreases. This change, as well as the reduction in the collision energy, can affect the collision dynamics. For the CN+O2 reaction, it is known to alter the vibrational distribution in the NCO product (38; 50a,b; 51), and it appears that there is some correlation between the reagent rotations and the bending vibration of the NCO. For direct bimolecular reactions over potential energy surfaces with a barrier between reagents and products, excitation of reagent rotations can promote reaction (52).
www.annualreviews.org/aronline Annual Reviews However, for reactions occurring over barrierless potentials and of the kind that will remain fast at very low temperatures, rotational excitation is more likely to reduce reactivity because the rotational motion will tend to prevent the reagents finding the most favorable orientation for reaction.
The effects of reagent rotation can be treated by capture methods, assuming that the reacting systems stay on the same adiabatic potential that includes reagent rotational, as well as vibrational, states. Such methods have been developed by Clary and his coworkers (48; 53a,b; 54a,b). Treatment of the CN+ 02 reaction showed the dispersion forces to dominate over the dipole-quadrupole interaction at long range. This result led to there being little dependence of the overall rate on the rotational states of the reagents and to the positive temperature dependence of the overall rate constants remarked on above. Of course, with respect to reagent rotations and their influence in this reaction, the picture changes when directional chemical forces are included in the crucial part of the intermolecular potential.
More recently, theoretical attention has been focused on the reactions of 2rI species (53a,b; 54a,b). The dynamics of the reactions of OH radicals with HC1 and HBr have been treated explicitly. In each reaction, both reagents have widely spaced rotational levels, so at very low temperatures the great majority of both species is in the lowest rotational energy level. Quantum scattering calculations have been performed that are explicitly state selective in the rotational states of OH (as well as the vibration of the hydrogen halide and those of the H20). The strong negative temperature dependence of the rate constant for OH + HBr (47) is reproduced in these calculations, and it is shown that the overall rate constants at low temperature can be written approximately as k(T) = ko(T) {Bz~/kaT} /2, where ko(T) and B are the rate constants for reaction of OH(j = 0) and the rotational constant of OH, respectively. This formula results from the supposition of adiabaticity between the rotational states of OH and bending modes in the transition state, and the fact that there is no barrier for the lowest of these adiabatic potentials, whereas the barriers for the higher potentials are substantial.
Association reactions, especially those between small radical species to yield a stable product, have been harder to study at low temperatures in the CRESU apparatus, owing in part to their pressure dependence, but also to their generally slower rates in practice. Although radiative association is possible and is important in interstellar clouds (55a,b), under usual laboratory conditions the rates of association reactions, whether they be of two free radicals or a radical with an unsaturated molecule, depend on the total pressure of the buffer gas and, less strongly, on its identity. This www.annualreviews.org/aronline Annual Reviews is because the energized complexes, which are formed in collisions between the combining species, must be stabilized in further collisions with the third-body species to complete the reaction. The formation of the energized adducts may be facile, but rate constants for association only reach their upper limiting value when the pressure is sufficiently large for all the complexes to be stabilized before they redissociate. The lifetime of such complexes depends strongly on the number of their vibrational modes and therefore on their size: The larger the system, the lower the pressure at which the second-order rate constants reach their limiting high-pressure value. Examples of reactions whose kinetics are in their high-pressure regime at conventional laboratory pressures and whose rates have been studied in the CRESU apparatus at temperatures down to 23 K are those between the OH radical and several butene isomers (56) .
Several radical association reactions whose rate constants are pressure dependent, i.e. in the fall-off region, and close to the low-pressure limit under typical laboratory conditions have been studied at low temperatures, using cryogenic cell techniques. Sims & Smith (21c) studied the reaction of CN with NO to give NCNO down to 99 K and were able to fit their pressure-and temperature-dependent data using a global fitting procedure. Troe and coworkers have pushed the limits of pressure at which such association reactions can be observed to hitherto unimagined magnitudes and, using a cryogenically cooled cell at pressures up to 1000 bar, have studied the recombination of O atoms with O2 to form O3 at temperatures down to 90 K (57) and Cl atoms with O2 to form C102 at temperatures down to 160 K (58).
In the CRESU apparatus, experiments are limited to much lower pressures and are further restricted by the requirement that each new combination of pressure and temperature requires a unique Laval nozzle to be designed and made. Nevertheless, the reaction of OH radicals with NO to yield HONO has been studied at temperatures down to 23 K, and the results have been combined with those obtained between 295 and 80 K using cryogenic cooling (59) . The limiting low-pressure rate constants were deduced from the experiments and found to be in satisfactory agreement with values calculated using the methodology of Troe (60) , but only down to ,,-80 K. Atkinson & Smith (61) have also reported measurements this reaction, using a pulsed version of the CRESU technique to generate temperatures down to 90 K. Their rate constants are in fair agreement with those of Sharkey et al (59) , though this should be viewed with caution, as Atkinson & Smith did not correct for fall-off effects.
Although it is hard to measure the rates of association reactions of small species near the low-pressure limit in the CRESU apparatus, for some systems it is possible to obtain a good estimate of the high pressurewww.annualreviews.org/aronline Annual Reviews limiting rate constant by measuring the rate of relaxation of a vibrationally excited radical species. This rate corresponds to that of complex formation, as redissociation will yield vibrationally unexcited species, and thus it provides a measure of the high pressure-limiting rate constant. This mechanism has been proposed for the OH H-NO reaction (35) , as well as for the CN+NO reaction (21c, 62) . The rates of relaxation of CH(v = l) H~, N~, and CO at temperatures down to 44 K have recently been measured in the CRESU apparatus, as have rates for the actual recombination reactions with CH(v = 0) in a cryogenic cell at temperatures down to 100 K (L Herbert, IRSims, IWM Smith, DWA Stewart, P Bocherel, et al, in preparation). Combining the results from these two sets of experiments should enable a rigorous test of unimolecular reaction rate theories.
One remarkable reaction that proceeds via initial formation of an energized adduct is that between OH radicals and CO. At low total pressures, the products are H + CO2, but at high total pressures, the adduct can be stabilized and the overall rate constant increases (1) . Recent measurements at total pressures up to 700 bar (64) show that the rate constant ~) in the high-pressure limit and at 298 K is about five times its low pressure value of 1.5 x 10 -13 cm 3 molecule -l s -~. The same value of k~ had been inferred from the measured rate of relaxation of OH(v = 1) by CO (65), both rate constants corresponding to that for formation of energized HOCO. Although this reaction is not rapid at room temperature, the rate constants show little dependence on temperature, even down to 80 K (66). The observed dependence of the rate constants on temperature are not easy to model and it is difficult to predict what values might be found below 50 K. In interstellar clouds, this reaction could be of importance in converting CO to CO~, as it does in combustion and in the earth's atmosphere.
As indicated above, the twin aims of experiments at very low temperatures, to improve our theoretical understanding of chemical reactions and to provide input for large computer models of the chemistrY of dense interstellar clouds, are strongly linked. Because the experiments, in a CRESU apparatus or elsewhere, are never going to provide all the rate constants that may play a significant role in the chemistry of interstellar clouds, it is important that there is a strong interplay between experiment and theory so that experimental observations can test which theoretical approaches accurately predict low temperature rate constants for particular types of reaction. When neutral-neutral reactions have been included in models of interstellar clouds (9a), it has often been assumed that their reaction cross sections are independent of temperature, so their rate constants vary as T~/ 2. This variation contrasts with that found for all of the reactions that have been studied so far at temperatures below 200 www.annualreviews.org/aronline Annual Reviews K and consequently leads to predicted values of the rate constants that are an order of magnitude or more too small below 50 K. Recently, Herbst et al (39) have included a number of rapid neutral-neutral reactions in gas-phase model of quiescent dense interstellar clouds and found that the predicted abundances of many species are strongly affected.
One class of reactions that is likely to prove very difficult to study in a CRESU apparatus and that is important in the chemistry of dense interstellar clouds (9a, 39) is that consisting of reactions between radical atoms--such as C, O, and N--and small molecular free radicals--such as CN, CH, and OH. Interactions between pairs of these species give rise to multiple potential energy surfaces. In general, only some of these surfaces will adiabatically connect reagents to products, and reaction is likely to occur on only the lowest of them. When the ground state of one or other of the reagents is split by spin-orbit coupling, at least part of the temperature dependence of the reaction rate will arise from changes in the populations of the spin-orbit levels as the temperature changes. This characteristic has been recognized by Smith & Stewart (67) in their study of the reactions of O(~P) and N(4S) with OH(2FI) down to 103 K and 158 K, respectively. Allowing for changes in the spin-orbit populations, they derived rate constants associated with just those collisions on the lowest potential energy surface. Assuming that these rate constants would continue to show a T' dependence to lower temperatures, they derived recommended values for the rate constants to be used in modeling interstellar clouds.
Reactions of C(3p) atoms are potentially important in interstellar clouds. Many have been shown to be rapid at room temperature (68) . Graft (69) has argued that C atoms will be predominantly in the J = 0 component of the 3p ground electronic state and that long-range attractions will be slight because these atoms have no quadrupole moment. However, this proposal and its consequent conclusion that C-atom reactions will be slow at interstellar temperatures have been refuted by Clary et al (48) on the grounds that the dispersion forces will dominate the long-range interaction. The measurement of rate constants for reactions of C atoms at very low temperatures constitutes an important challenge.
One set of reactions that would appear to have a very direct and important influence on the production of interstellar molecules comprises those between CN radicals and polyynes because these can produce the cyanopolyynes (70) that are the largest molecules so far identified in interstellar clouds CN + C2nH2 --o C2nHCN + H. It seems likely that all members of the series will be as fast at very low temperatures as the first (n = 1) (14) . Furthermore, as CN and C2H are isoelectronic, it is not unreasonable to suppose (71) that reactions such as C2H + C2nH2 ~ C2n÷2H2 + H will also www.annualreviews.org/aronline Annual Reviews be rapid under interstellar conditions and contribute to the building up of carbon chains. Leone and coworkers (72a, b) have demonstrated the rapidity of the reactions of CEH with C2H2 down to 170 K and C2H with O2 down to 193 K. Reactions of C2H radicals will be another target of future experiments using a CRESU apparatus.
Collisional Energy Transfer at Very Low Temperatures
Experiments on energy transfer in molecular collisions, like those on bimolecular reactions, are motivated by both fundamental and practical concerns. Studies of vibrational energy proliferated in the late 1960s and the 1970s, following the invention of several chemical and other gas lasers oscillating on rovibrational transitions in simple molecules such as HF, HC1, CO, and CO2. This development not only stimulated experiments on energy transfer but also provided the tools for carrying out many of the measurements that were required to understand the operation of these lasers. Part of the reason for measuring relaxation rates at different temperatures was the wish to determine the best temperature at which to operate the lasers. (Other things being equal, low temperatures are favored because they maximize the inversion on P-branch transitions within any vibrational band.) However, equally important, and of longer standing, has been the desire to understand the connection between the rates of energy transfer and the intermolecular potential, especially the respective roles of the long-range attractive interaction and short-range repulsion. This stimulus survives to the present day, and experiments at very low temperatures should be especially revealing about the part played by the weak attractive forces. In addition, a knowledge of rotational energytransfer rates is important for the detailed interpretation of spectroscopic observations of interstellar molecules, where the relative intensities of observed rotational transitions are used to estimate temperatures and concentrations of different molecular species (73) .
During the 1960s and 1970s, attention was focused on the vibrational relaxation of CO, NO, and the hydrogen halides (74) from their (v = levels and CO2 from its (001) level. For diatomic molecules, two quite different relaxation mechanisms can be distinguished, depending on whether or not the collision partner accepts a substantial part of the energy that is transferred in one of its own vibrations. If it does, then it is customary to speak of V-V energy transfer or exchange (although a fraction of the energy may be accommodated in the rotations or relative translational motion of the collision partners). Such energy-transfer processes can occur between chemically identical partners, e.g. (76, 77) . Although these models provide an adequate basis to consider the gross features of V-R,T energy transfer, the~y ignore a number of important features of the intermolecular potential, such as its anisotropy and the existence of attraction at longrange, and of the dynamics, such as the rotational motions. Collisions at low energy and therefore at low temperatures (in thermally equilibrated samples) will be particularly sensitive to the existence and anisotropy of intermolecular attraction, and exploring these effects is now a major reason for measuring relaxation rates at very low temperatures.
With V-V energy exchange, the influence of the long-range attractive potential on rates of energy transfer is rather different. The discovery that rates of V-V transfer are larger than anticipated on the basis of estimates using a repulsive intermolecular potential led to the proposal, by Sharma & Brau (78a) and Sharma (78b) , that it is the modulation of the long-range attraction, expressed as the interaction between electrostatic multipole moments on the collision partners, that leads to significant, collisionally induced,, transition probabilities. The predictions (a) that V-V energy exchange should be fastest between infrared active modes and (b) that the rates of resonant V-V processes should increase or remain essentially constant as the temperature is lowered have been supported by experiment.
The most extensive experimental evidence for the correlation between infrared activity and the capacity of a vibration to accept energy in V-V exchange remains the data of Hancock & Smith (79a,b) on processes involving CO with v 4 13. Subsequently, Wittig & Smith (24a, b) and then Powell (25) measured rate constants for the self-relaxation CO(2 ~ v ~< 12) down to 100 K. In both sets of low-temperature experiments, CO was excited by a low-energy electrical discharge through cryogenically cooled CO-He mixtures, and subsequent changes in population were probed using a line-tuneable, cw CO laser. Once due allowance is made for any endothermicity, the rates of V-V exchange are essentially independent of temperature at low ~ but become slower at high v, as www.annualreviews.org/aronline Annual Reviews changes in rotational energy are less able to compensate for the increasing energy discrepancy--in agreement with theory. Experiments on the selfrelaxation of CO(v = 2) by Stephenson & Mosburg (26) at temperatures between 100 and 300 K confirmed that the rate constants for exothermic V-V exchange between CO molecules are essentially independent of temperature. Recent (28a-c) and older (27a,b) experiments on the self-relaxation ofNO(v = 2) and NO(c = 3) down to 80 K reach a similar conclusion about exothermic V-V energy exchange between NO molecules.
The only systematic effort to study V-V energy exchange between unlike molecules at very low temperatures has been made by Simpson and his coworkers (80a,b; 81) . They use cryogenic cooling and therefore the temperatures of their experiments are limited. Using a frequency-doubled CO2 laser to excite CO and infrared fluorescence to observe how the concentration of CO(v = 1) then decays, they have obtained rate constants for the exchange of vibrational energy between ~2C160 and 15N 2 down to 45 K (80a,b) and between isotopomers of CO and CO2 down to 115 (81) . The results, which are shown in Figure 4 , confirm a number www.annualreviews.org/aronline Annual Reviews features that are by now well established in regard to V-V energy exchange between simple molecules in the gas phase. First, the rate constants, and the thermally averaged transition probabilities, decrease as the discrepancy between the vibrational transition energies increase. Second, larger probabilities are found when the transfer involves vibrational transitions that are both infrared active, as in CO-CO2 collisions, than when one or both transitions are infrared inactive, as in CO-N2 collisions--as long as the comparison is made for processes of similar energy discrepancy (AE = hcA~). Third, the rate constants for exothermic V-V energy exchange at near-resonance are virtually independent of temperature. It appears that two factors may compensate for one another: The longer interaction time in collisions tends to increase the probability of resonant transfer, whereas for processes with a significant energy discrepancy, there is a decrease in probability due to narrowing of the rotational level distributions and therefore a reduction in the ability to make up the vibrational energy discrepancy by rotational transitions involving small changes in the rotational quantum numbers.
The data of Wilson et al (81) show a small but significant increase the rate constants for V-V exchange at their lowest temperatures, especially for the systems where A~ is relatively large. It seems likely that this reflects the influence of the permanent intermolecular attraction: For CO-CO2, e/kB = 145 K. Clearly, it would be interesting to study such effects by making measurements at still lower temperatures, but this is unlikely to be possible using cryogenic cooling. It should be possible to apply the CRESU method in experiments on V-V energy exchange, but it will be necessary to select the molecular systems with some care. Remembering that only second-order rate constants in excess of ~5 x 10 -13 cm 3 molecule-1 s-1 can be measured, the CRESU method is likely to be restricted to processes that are exothermic (or, at least, only slightly endothermic) and that have small energy discrepancies. Energy transfer between isotopomers, or those that lead to vibrational equilibration within a single species, suggest themselves as primary targets for such measurements. The results should provide valuable information about how the permanent attractive forces between molecules affect their ability to exchange vibrational quanta.
Investigations of the V-R,T relaxation of simple molecules from their lowest excited vibrational states at elevated temperatures have generally confirmed the prediction of simple theories (76, 77) that log (P), logarithm of the thermally averaged probability for relaxation, varies as T-1/3. At lower temperatures, there is abundant evidence that the values of log (P) are larger than those predicted by a linear extrapolation of SSH [Schwartz-Slawsky-Herzfeld (76)] plots of log (P) versus T -1/3 and that www.annualreviews.org/aronline Annual Reviews the temperatures at which the deviation from linearity occurs depends on the strength of the intermolecular attraction between the two collision partners.
The importance of attractive forces in V-R,T energy transfer at low temperatures is confirmed by data on the self-relaxation of HF, HCI, and HBr (82, 83) . The minimum value of (P~ occurs at a higher temperature for HF than for either HC1 or HBr, consistent with the relative magnitudes of the attractive intermolecular potentials for the (HX)2 dimers (84). Zittel & Moore (83) examined the self-relaxation of HC1 and HBr down to 144 K by using a cryogenically cooled cell. Clearly, such methods cannot be used to study relaxation at temperatures much less than the value of e/ka for the system, where e is the well-depth in the intermolecular potential, since the self-same forces whose effect on relaxation one wishes to examine also cause the gas to condense.
For CO, V-R,T relaxation rates with H2, its isotopomers, and 4He have been measured at temperatures down to 35 K (29). The SSH plot curves upwards below room temperature, but the rate constant continues to decrease down to 40 K, where its value is 3.6 × 10 -2° cm 3 molecule -~ s -L, i.e. (P~ ~ 2 × l0 -~°. The rate constants for deactivation by H2 are much larger and are quite insensitive to temperature below ~ 75 K, whereas those for relaxation by D2 reach a minimum value of ~4.5 × 10 -2° cm 3 molecule -~ s -~ at 50 K and then increase slightly at still lower temperatures. This behavior is attributed (29) to the larger attractive forces between CO-H2 and CO-DE than between CO-He; their influence is greater in the case of CO-D2 than CO-Hz because of the much smaller rates in the former case.
The exact mechanism by which such weak attractive forces affect the low temperature rate constants for relaxation is not clear. CRESU experiments appear to be impossible, as the relaxation rates will be several orders of magnitude too small to measure. It may be possible to extend the temperature range by employing the collisional cooling method of Willey et al (30a-c). In recent years, attention in the field of collisionally induced vibrational energy transfer has switched to the pathways by which small polyatomic molecules relax from vibrational levels above the lowest excited states. These relaxation processes are usually rapid, and their rates may be accessible to measurement at the very low temperatures achievable in a CRESU apparatus.
Interest in rotational energy transfer has been revitalized in recent years by the application of optical double-resonance methods, which make it possible to measure state-to-state rate coefficients. Besides being of fundamental interest, as indicated above, a knowledge of rotational energy-transfer rates at very low temperatures is important for astrowww.annualreviews.org/aronline Annual Reviews physical purposes (73) . Appropriate theoretical calculations have been carried out (73), but we know of no direct measurements below 80 K. this temperature Islam et al (28c) have recently determined state-to-state rate coefficients for rotational transitions in NO induced by collisions with He, At, and NO itself. The total inelastic cross sections in the range 300 to 80 K are essentially independent of temperature (24b), with the possible exception of those for NO-NO collisions, which may be the result of the stronger and more anisotropic intermolecular attraction in this case.
Cross sections for rotational energy transfer are, of course, closely related to those for collisional broadening. In their remarkable experiments using collisional cooling, Willey et al (30a-c) have measured line-broadening parameters for spectroscopic transitions in a number of gases at ultralow temperatures, including data on CO-He and NO-He down to 1.7 K. The cross sections for collisional broadening at these extremely low temperatures are in good agreement with theory, except at the lowest temperatures, where the experimental values are ~20% lower. Finally, we note that double-resonance experiments (24a,b) should be possible the CRESU apparatus, yielding directly state-to-state rate coefficients for some rotational energy-transfer processes.
Summary and Prognosis
The study of gas-phase processes at temperatures below 77 K is still in its infancy, although there have already been successful measurements of the rate constants for a number of reactions of the CN, OH, and CH radicals. One remarkable feature of the experiments on neutral-neutral reactions that have been carried out so far has been the number and range of reactions whose rates have been found to remain sufficiently rapid for measurements under the unique low temperature conditions provided in a CRESU apparatus. There seems every reason to anticipate a further expansion in the kinetic data base for low temperatures over the next few years because it should certainly be possible in the CRESU apparatus to measure rate constants for fast reactions of stable species with any free radical that can be observed by LIF. Our own immediate targets, because of their potential importance in the chemistry of interstellar clouds, are the reactions of C atoms and C2H radicals.
Although the power and versatility of the PLP-LIF technique when it is applied in the ultra-cold environment provided the CRESU apparatus is without question, there are areas of difficulty. The study of reactions between radical atoms and unstable molecular radicals, which are very important in the chemistry of interstellar clouds, will be particularly demanding. It may be possible, but will not be easy, to combine flow discharge and pulsed photolysis methods, as has been done at higher www.annualreviews.org/aronline Annual Reviews temperatures in cryogenically cooled cells (67) . In some cases, it should possible, but will still be challenging, to create both the atomic and molecular radicals by pulsed photolysis. A second important problem concerns the identification of reaction products. Many of the elementary neutralneutral reactions that remain rapid at very low temperatures can, at least in principle, proceed by parallel channels. Establishing the branching ratios for such reactions is one of the major challenges in experimental chemical kinetics, for both experimentalists and theoreticians, and not just in systems at very low temperatures.
The use of the CRESU apparatus to measure the rate constants of elementary reactions at very low temperatures has been emphasized in this review. However, it is certainly not the only application of this unique piece of equipment. We have already mentioned possible applications in the field of collision-induced relaxation, where direct measurements of state-to-state rotational energy transfer will be especially valuable. In the coming few years, we also hope to use the CRESU apparatus in Rennes, or the one currently being constructed in Birmingham, to measure productstate distributions. The low temperature of the medium and the rapidity of rotational relaxation compared with vibrational relaxation should make it fairly easy to measure the vibrational-state distributions of product molecules that would, in experiments at higher temperature, be obscured by the complexity of the rotational structure of the observed spectrum.
